Microlenses are some of the most ubiquitous optical components used in almost all of the light manipulating and focusing devices. Miniaturization of optical lenses is the key limiting factor for advancement of sub-diffraction imaging, ultra high resolution display technology, optical trapping, energy concentration, high density optical information storage and other opto-electronic devices such as sub-micron resolution[@b1][@b2] and molecular detection[@b3]. Even though refractive micro lenses are available, chromatic and spherical aberrations restrict their applications, their diffractive counterparts on the other hand are extremely difficult to fabricate as they require precise alignment during multiple lithographic processes. A plasmonic microlens based on patches of nanoholes capable of focusing all wavelengths in the visible spectrum to a single spot has recently been proposed[@b4] to address the issue of chromatic aberration, however the optical throughput i.e. transmittance of the device was polarization sensitive and restricted to \~5%. These studies have indicated vast potential for application of metal based diffractive optical devices in multicolor stereo imaging, broadband light manipulation and multichannel optical communications.

The phenomenon of extraordinary transmission of light is generally discussed in the context of subwavelength apertures as the enhancement of transmitted light passing through these apertures[@b5]. One of the very first investigations of extraordinary optical transmission of light through nanometric metallic apertures[@b6][@b7] was reported by Ebbsen et. al. and since then there has been enormous amount of research in the field of metallic nano-optic elements[@b8][@b9][@b10][@b11][@b12][@b13][@b14]. Subsequently investigations revealed an understanding of extraordinary transmission of subwavelength hole arrays[@b15][@b16][@b17][@b18][@b19] and their dependence on hole depth[@b20], shape[@b21], aperture size and lattice parameters[@b22]. In year 2008, Verslegers et. al. reported the first experimental demonstration of far-field lensing capability of the plasmonic lenses made of nanoslits in a metallic film[@b23]. Although it was the first successful demonstration, it could not be commercialized as it required sophisticated focused ion beam milling (FIB) technique which is both expensive and time consuming. A similar attempt was made in the year 2010 in which chirped circular plasmonic lens consisting of corrugated metallic films of silver[@b24] and gold[@b25] of about 300 nm and 200 nm thickness were used. Most of these devices exploit the idea of converting surface plasmons, bound to the metallic surface, to photons as a major contributing phenomenon resulting in a focused beam in the far-field region of the device[@b15][@b26]. All of the devices reported to date comprises of nano-slit/hole as a basic building block of planar patch lenses. This limits the total optical throughput, predominantly due to metallic reflection. Ideally, one would like to get as much transmission as possible through the device and focus it to the smallest volume possible to increase the efficiency of the devices using these optical elements.

Here we present a planar metallic microhole lens which uses both, the phenomenon of diffraction as well as surface plasmons to focus the incident light of wavelength ranging from 400 nm to 700 nm. We primarily exploit the principle of superposition of the incident planar wavefronts with the diffracted non-planar wavefronts[@b27][@b28] which are coupled to surface plasmon waves to generate high energy concentration at the focal spot. This approach gives the freedom to manipulate light with high throughput independent of the lattice geometry or use of expensive lithography techniques. The ability to remove chromatic aberration along with extraordinary transmittance of light will open up new avenues for new type of miniaturized transmissive metal optical devices.

Full-wave three-dimensional electromagnetic simulation using finite difference time domain (FDTD) method as implemented in Lumerical® was performed. The device response was calculated for wavelengths in the visible range. The design of this metallic planar lens consisting of a double layered optical element comprising of base layer of quartz and top layer of gold with thickenss of 50 nm, was used for simulation purposes. A circular hole of 2.5 μm diameter was drilled through the top gold layer. Perfectly matched layer boundary conditions on all the sides of the simulation box were used. The value of permittivity and permeability for the dispersive gold was taken from the reported data by Johnson et. al.[@b29]. This was illuminated normally by using a planewave with K~0~ along the z axis as its propagating vector and the electric field E pointing along the x-axis, as shown in [figure 1(a)](#f1){ref-type="fig"}.

The proposed optical element is circularly symmetric. This enables the formation of focal volume in the form of an ellipsoid, the cross-sectional emission profile of which can be seen in [figure 1(b)](#f1){ref-type="fig"}, in the quasi far field region. The focal spot size was calculated by taking the FWHM of the line plot of \|E\|^2^ across the aperture cross-section and found to depend on the wavelength as shown in [figure 1(c)](#f1){ref-type="fig"}. Our FDTD simulations show that the focal spot size, depth of focus and focal length were found to depend on the aperture size and is in agreement with the data reported for nanohole patches[@b4] ([supplementary Figure S8](#s1){ref-type="supplementary-material"} in the [@b4]). The focal length of the microhole lens was calculated from the Rayleigh -- Sommerfield integral by requiring that

Here ρ represents the radius of the circular aperture while λ represents the operating wavelength. The calculated focal lengths (z) using the above expression at operating wavelength in the range 400 nm--700 nm have been plotted in [figure 1(c)](#f1){ref-type="fig"}. These values were in good agreement to the values obtained using FDTD techniques. It is interesting to note that all wavelengths in the visible range were focused within \~1.5 μm is significantly better than those for nanohole patches. The depth of focus also reduces to about 1/8^th^ of that of the nanohole patch[@b4]. Since the shift of the focal length is considerably smaller than the depth of the focus, [figure 1(c)](#f1){ref-type="fig"} suggests that these microlenses will act as better broadband focusing elements as compared to the nanohole arrays. In general, the far field focusing does not contain the evanescent field information, the focal spot size is subject to classical diffraction limit[@b30]. The maximum size of the focal spot was \~720 nm around wavelength of 495 nm (b). This is very close to the classical theoretical minimum diffraction limited spot size \~760 nm estimated by the relation . The minimum spot size was observed to be \~645 nm at the two extremes of the scanned wavelength. The focal spot width obtained from circular aperture is much less than that of nanohole array (1.83 um) and other 2D array of spatially varying apertures[@b31].

The interactions of the electromagnetic radiation at the metal-dielectric interface excite surface plasmons at both, the gold -- quartz Interface as well as the gold -- air interfaces and get coupled through the hole. These surface plasmons then reradiate into photons resulting in very high enhancement factor for transmission efficiency, which is estimated to be \~2.2 for 2.5 μm gold aperture. The comparison of the intensity at the focal spots in [figure 2(a)(1) and 2(b)(1)](#f2){ref-type="fig"} suggests that this is strongly dependent on the incident wavelength and is maximum when the incident wavelength matches the surface plasmon resonance of the circular aperture. The distribution of \|Ez\|^2^ in [figures 2(a)(4) and 2(b)(4)](#f2){ref-type="fig"} appears to be tied and localized on both sides of the aperture implying the occurrence of charge densities. These fields are symmetrical and found to be more intense for longer wavelength in gold. The presence of surface plasmons in these metallic micro apertures is also observed in [figure 3(a)](#f3){ref-type="fig"}. The distribution of \|Ex\|^2^ in [figures 2(a)(1) and 2(b)(1)](#f2){ref-type="fig"} gives a clear indication of the long range coupled surface plasmon mode (waveguide mode).

Further analysis of the field distribution shows the formation of surface plasmon wave with a wave length of \~250 nm at both the quartz -- gold and gold -- air interfaces, and was found to be constant for incident wave with wavelength 400 nm--700 nm. These observations are not in accordance with the observations in nano hole arrays with large lattice constants in which wavelength of surface plasmon waves were reported to be λ~spp~/2 at the gold -- air interface[@b32][@b33]. These can be understood in analogy with the formation of waves on a string of fixed length tied at both ends. The linear dimensions of the metal -- dielectric interface is almost of the same dimensions as λ~spp~/2. This forces the surface plasmon waves to limit its wavelength to the dimensions of the metal-dielectric interface. In order to test this hypothesis, the lattice constant of the cell was increased significantly and the observed results were in accordance with that of their nanohole counterparts[@b32]. The transmission curve in [figure 3(b)](#f3){ref-type="fig"} suggests that the proposed microholes can be used for enhanced transmission over the entire visible spectrum. The maximum transmission of \~60% is observed at 580 nm as seen in the inset in [figure 3(b)](#f3){ref-type="fig"}.

In order to further investigate the contribution of surface plasmons to the extraordinary transmission, the time averaged intensity of the surface plasmon waves was estimated using the methodology proposed by *Mehfuz et. al.*[@b34]. It is observed that the absolute contribution of the intensity due to surface plasmons remains almost the same in both the nanohole and microhole apertures. The Intensity of the radiant mode (I~r~) however increases significantly in microhole apertures as compared to collective contribution of nano apertures in micropatches, because clear micro apertures allow more light to pass through without any reflection losses. The coupling efficiency of the surface plasmons wave is inversely proportional to I~r~, and since the nanohole apertures, by design, restrict the transmission of light, their coupling efficiencies become larger. The coupling efficiency calculated by incorporating the radiant mode is understood to provide a measure of contribution due to the phenomenon associated predominantly with the surface plasmons in nano aperture patches. Although by definition of coupling efficiency, the microholes does not do as good as nanoholes, the contribution due to the transmission and diffraction improves the performance of the microholes over their nano cousins. A further increase in the aperture size will make plasmonic effects as minor perturbative effects.

The phenomenon of surface plasmons is understood to be supported on metal dielectric interface[@b33], calculations were repeated for other metals ([Supplementary figure S1--S2](#s1){ref-type="supplementary-material"}) along with well known non-plasmonic material such as Silicon, to establish the role played by surface plasmons in the extraordinary transmission efficiency of microhole metal lenses. Comparison of the intensities of the \|Ex\|^2^ and \|Ez\| emission profile for silicon in [figure 4](#f4){ref-type="fig"} with that of gold in [figure 2](#f2){ref-type="fig"} clearly shows the contribution of the photons emitted from surface plasmons in enhancement of intensities of electromagnetic radiations in the case of gold microholes.

Conclusion
==========

In a nutshell, we have presented an extraordinarily transmissive, polarization independent, broadband planar metallic lens. The proposed optical element is simple and can be fabricated using standard lithographic techniques and shows excellent achromatism in the visible region. The extraordinarily high transmission in these microhole lenses is understood to be predominantly due to reduced metal surface area, while the surface plasmons along with diffraction is understood to be responsible for its high enhancement factor of transmission efficiency. Further modifications in design are expected to achieve super resolution using these plasmonic lenses thereby revolutionizing many areas of super resolution microscopy, single molecule spectroscopy to name a few.
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![(a) Schematic of broadband, planar metallic lens. The top layer is a patterned gold layer of thickness 50 nm and the base layer is of quartz. The propagation vector K~0~ is normally incident to the lens, while the direction of E field is normal to K~0~. (b) Emission profile at λ = 580 nm along the xz and yz planes. Both graphs are on same color scale. (c) Calculated focal length (*f*) and focal spot size (w) indicated by "\*" using FDTD simulations. The change in focal length was smaller than that of depth of the focus. The depth of focus has been shaded as a guide for eye.](srep05586-f1){#f1}

![Cross-sectional time averaged emission profile of circular aperture metallic lens for gold at 400 and 700 nm.\
Graphs (1), (2) and (3), (4) have been plotted on same length Y scale respectively. a(1) and b(1) represent the distribution of \|E~x~\|^2^ at 400 nm and 700 nm. a(2) and b(2) represent the distribution of \|E~z~\| at 400 nm and 700 nm.a(3) and a(4) represent the zoomed images for \|E~x~\|^2^ and \|E~z~\|^2^ at 400 nm respectively, while b(3) and b(4) represent the same at 700 nm. The spatial positions of gold and quartz substrate are same in (3) and (4) for both (a) and (b). The color scale for figure (a)(4) and (b)(4) are on logarithmic scales.](srep05586-f2){#f2}

![(a) Cross-sectional time averaged E profile of circular aperture for gold at 700 nm. "G" represents gold. (b) Calculated total transmittance for the microhole aperture in the frequency range 400 nm--700 nm. The inset shows the variation of transmittance with frequency.](srep05586-f3){#f3}

![Cross-sectional time averaged emission profile of circular aperture metallic lens for silicon at 400 and 700 nm.\
Graphs (1), (2) and (3), (4) have been plotted on same length Y scale respectively. (a)(1) and (b)(1) represent the distribution of \|E~x~\|^2^ at 400 nm and 700 nm. (a)(2) and (b)(2) represent the distribution of \|E~z~\| at 400 nm and 700 nm.(a)(3) and (a)(4) represent the zoomed images for \|E~x~\|^2^ and \|E~z~\|^2^ at 400 nm respectively, while (b)(3) and (b)(4) represent the same at 700 nm. The spatial positions of silicon and quartz substrate are same in (3) and (4) for both (a) and (b). The color scale for figure (a)(4) and (b)(4) are on logarithmic scales.](srep05586-f4){#f4}
